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Abstract 
We present a comparative study of picosecond laser patterning of ITO thin films for OLED applications using 355 nm, 532 nm 
and 1064 nm radiation. Front side and rear side patterning was investigated and single pulse ablation thresholds were determined 
for all three wavelengths and both irradiation sides. Good ablation quality was achieved by using 1064 nm front side irradiation 
resulting in a smooth groove bottom, almost vanishing ridges at the groove rims and a neglectable heat affected zone. 
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1. Introduction 
Due to its high optical transmittance in the visible spectral range and its high electrical conductivity, patterned 
indium tin oxide (ITO) thin films are widely used as a transparent electrode in thin film solar cells, liquid crystal 
displays and organic light emitting devices (OLED). Recently, nanosecond laser patterning replaced the traditionally 
used wet chemical etching in the manufacturing of the front electrode of thin film solar cells. Good electrical 
isolation is achieved by nanosecond laser scribing. However, high ridges remain at the edges of laser scribed lines 
due to the high amount of melt generated during laser irradiation. [1-5] 
OLED based lighting devices feature an active layer of about one hundred nanometres thickness that can be 
easily shorted by high ridges at the edges of laser scribed lines resulting in a complete failure of the device. 
Therefore, a further improvement of machining quality is required in comparison to ITO laser patterning for thin 
film solar cells. 
The formation of melt induced ridges is significant reduced by using ultra-short pulsed lasers, resulting in a 
further improvement of machining quality [6-7]. Using a 150 fs-laser, Park et al. achieved high quality laser scribed 
lines with some spicules of 10-20 nm height being formed near the rim. Comparable performance of OLED devices 
was achieved by laser patterning and wet chemical etching of ITO electrodes. [7]  
Today, picosecond laser systems with typical pulse durations of 10-15 ps and repetition rates ranging from      
10 kHz up to several megahertz are available, operating reliable within a production environment. Picosecond laser 
patterning of 120 nm ITO thin films using emission wavelength of 266 nm, 355 nm and 532 nm was investigated by 
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Raþiukaitis et al. Ridges at the rim of the laser scribed lines were found to be about 20 nm when using 266 nm under 
front side irradiation. [8-10]  
In this paper, we extend the investigations of ITO picosecond laser patterning by results of a comparative study 
using emission wavelengths of 355 nm, 532 nm and 1064 nm, respectively. In addition to a front side irradiation, 
patterning was carried out also from the rear side. Single pulse ablation thresholds were determined for all three 
wavelengths and both irradiation directions, complementing previously reported thresholds for complete material 
removal. 
2. Experimental 
During our investigations we used commercially available ITO thin films deposited on a 0.7 mm thick soda-lime 
glass substrate. A SiO2 layer is deposited between the ITO thin film and the glass substrate that improves the OLED 
life time by preventing the diffusion of metal components from the glass substrate into the above lying active layers.  
Laser scribing was carried out using Coherent Talisker picosecond laser emitting at 355 nm, 532 nm and  
1064 nm. The typical pulse duration is between 10-15 ps. The pulse repetition rate was set to 200 kHz for scribing 
lines and 100 kHz for single shots. The laser beam was scanned over the sample using an optical 2D deflection unit 
with an integrated focusing unit, while the sample was mounted on an unmoved table. By controlling the focal 
position a spot width of approximately 42 μm was achieved on the sample surface. In order to investigate the 
influence of the pulse energy and the pulse overlap on the patterning results, the process was carried out for various 
combinations of both parameters.  
Due to the high transmittance of the glass substrate in the visible spectral range, investigation of front side and 
rear side patterning was possible. In case of rear side patterning the laser beam was transmitted through the glass 
substrate prior to the irradiation of the ITO thin film. To maintain the focal position, the distance between the 
sample surface and the deflection unit was reduced by 0.7 mm (thickness of the glass substrate) for rear side 
patterning.  
The resulting grooves were investigated using a confocal microscope by FRT. The confocal microscope has a 
magnification of 100 resulting in a vertical resolution of 1 nm, a horizontal resolution of 0.371 μm and a field of 
view of 152x114 μm². The resistance of the laser scribed lines was measured using an Agilent 34401A multimeter 
with a maximum measurement range of 1 G. Complete removal of the ITO thin film was assumed, when the 
electrical resistance of an ablated line exceeded 1 G. 
3. Results and discussion 
3.1. Front and rear side single spot ablation and ablation thresholds 
In order to determine the single pulse ablation thresholds and the influence of pulse overlap on patterning results, 
the ablation depth and the width of single spots were investigated.  
Investigation of single spots generated by 1064 nm front side irradiation reveals an incomplete removal of the 
ITO thin film. This indicates an ablation rate smaller than the thickness of the ITO thin film. In addition, evidence 
was found for a reduced increase of the ablation depth in case of higher pulse energies (ref. Figure 1). 
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Figure 1. Ablation depth of single spots reveals a reduced increase of the ablation rate in case of higher pulse energies. 
A similarly reduced increase of the ablation rate above a certain energy threshold was found by Mao et al. when 
processing a copper target with 35 ps laser [11-13]. According to the authors, this can be attributed to the formation 
of a picosecond plasma during laser irradiation. As the ITO is highly n-doped, such a plasma formation might also 
account for the reduced increase of the ablation rate that was observed in the present investigation. 
 
Removal of the ITO thin film with a single laser pulse is achieved by a rear side irradiation with all three 
wavelengths. In this geometry, interface absorption in the layered structure plays a significant role [14]. In case of 
532 nm rear side irradiation, the ITO thin film is completely removed within the whole spot area for all investigated 
pulse energies above the ablation threshold. In contrast, 355 nm and 1064 nm rear side irradiation results in a 
cascaded topography with a region of increased ablation depth in the centre of the spot, which is attributed to the 
higher energy density in the centre of the Gaussian shaped beam. The area of this region as well as its depth 
increases with increasing pulse energy resulting in a damage of the substrate in case of higher pulse energies.  
 
Similar to [15], ablation thresholds were estimated from a semi-logarithmic plot of the area of ablated spot versus 
pulse energy according to the following relationship:  
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Here A is the area of the ablated spot measured at the surface of the ITO thin film. A0 is the laser beam area on 
the sample surface (at 1/e² level). Ep is the laser pulse energy and Eth is the threshold pulse energy. The area of the 
ablated spot was estimated according to A = ʌȦxȦy, where Ȧx and Ȧy are two radii of an ablated spot drawing an 
angle of 90°.  
Using a linear fit according to the relation A ~ ln(Ep), the beam area A0 is calculated from the slope and the 
threshold pulse energy is estimated from the intersection with the ordinate. The ablation threshold Fth (in J/cm²) is 
calculated according to the relationship Fth = 2Eth/A0. By a determination of the ablation threshold from the area of 
the ablated spots instead of the commonly proposed squared diameter [7-10,16], the ellipticity of the spot is taken 
into account. . 
Table 1 depicts the determined ablation thresholds for 355 nm, 532 nm and 1064 nm single pulse irradiation, 
respectively. For 355 nm and 1064 nm rear side irradiation an ablation threshold was estimated for both the 
complete removal in the spot centre and the incomplete removal at the rim of the ablated spots. 
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Table 1. Ablation thresholds [J/cm²] for single pulse ablation 
Irradiation side 355 nm 532 nm 1064 nm 
Front side 0.38 0.77 0.40 
Rear Side (complete removal) 0.54 0.61 0.60 
Rear Side (incomplete removal) 0.33 - 0.43 
 
Lowest ablation thresholds were found for 355 nm radiation. This can be attributed to the highest absorption 
coefficient of the ITO for 355 nm radiation (1·106 m-1) in comparison to 532 nm (1·105 m-1) and 1064 nm (5.4·105 m-
1) radiation as reported in [10]. Corresponding to the high transmittance of ITO in the visible spectral range, we 
found the highest ablation threshold for a front side ablation with 532 nm radiation.  
3.2. Laser patterning using 1064 nm radiation 
Good patterning results were achieved by a 1064 nm front side irradiation with a pulse energy of 4 μJ, a pulse 
repetition rate of 200 kHz and a scanning speed of 200 mm/s (ref. Figure 2 a,b). As the electrical resistance exceeds 
1G, a complete removal of the ITO thin film is assumed.  
 
           
Figure 2. (a) 3D interpretation; (b) Cross section. Isolating line with both smooth groove bottom and walls, achieved by a front side irradiation 
with a wavelength of 1064 nm, pulse energy of 4 μJ and scanning speed of 200 mm/s. 
Topography measurements (ref. Figure 2a,b) reveal a very smooth groove bottom with a roughness (2 - 2.3 nm) 
similar to the roughness of the untreated ITO surface (2 - 2.5 nm) next to the line. The high quality of the groove 
bottom indicates a selective removal of the ITO thin film without a damage of the underlying SiO2 layer. 
The cross section of this line (ref. Figure 2 b) shows smooth and slightly sloped walls. The slight slope of the 
walls can be attributed to residual ITO. This indicates an initiation of the material removal at the ITO surface with 
an ablation rate that decreases towards the groove rim due to the Gaussian shaped laser beam. The groove width at 
the ITO surface is approximately 27 μm and therewith smaller than the laser beam diameter (approx. 42 μm) 
suggesting that the laser fluence does not exceed the ablation threshold within the whole beam area. 
Correspondingly to the trapezoid groove shape, the groove is only approximately 21 μm wide at its bottom. 
The trapezoid groove shape becomes more pronounced when the pulse energy is reduced or the scanning speed is 
increased, while in turn residuals at the groove walls are slightly reduced by an increase of pulse energy. In addition, 
groove width increases with increasing pulse energy. 
Ridges at the groove rims are small (less than 20 nm high) and therefore should not cause a short circuit of an 
OLED. The significant reduction of the ridge height in comparison to a nanosecond patterning can be attributed to 
the reduced generation of melt during the laser irradiation due to the short pulse length of the picosecond laser. 
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A similar groove shape with smooth and slightly sloped groove walls was observed by Raþiukaitis et al. for an 
ablation using 266 nm picosecond radiation [8-10]. Based on the results of thermal simulation, the authors found 
ablation was caused by evaporation. Considering the similar patterning results and in particular the smooth and 
slightly sloped groove walls, evaporation might also take place in case of front side irradiation with 1064 nm. 
  
As depicted in Figure 3 a,b a rear side irradiation with a wavelength of 1064 nm results also in a good ablation 
quality, but with a slightly different groove shape as compared to a front side irradiation. The depicted line was 
achieved with a pulse energy of 3 μJ, a scanning speed of 200 mm/s and a pulse repetition rate of 200 KHz.  
 
           
Figure 3. (a) 3D interpretation; (b) Cross section.  Isolating line with a smooth groove bottom and upright groove walls, achieved by a rear side 
irradiation with a wavelength of 1064 nm, pulse energy of 3 μJ and scanning speed of 200 mm/s. 
Similar to a front side irradiation, the groove bottom is very smooth with a roughness (1.9 - 2.3 nm) comparable 
to the roughness of the untreated ITO surface. The groove width is about 16 μm, i.e. smaller as compared to a front 
side irradiation with identical laser parameters (24 μm). This might be attributed to the low pulse energy that is 
below the ablation threshold.  
The generation of an isolating line with a pulse energy below the single pulse ablation threshold indicates a 
decrease of the ablation threshold with increasing number of pulses. Similar results were found by Ashkenasi et al. 
when comparing the front side ablation thresholds of an ITO thin film for one and multiple pulse interaction of a 
picosecond laser emitting at 800 nm. These investigations revealed an increased roughness of the ITO surface as it 
was also found during our study. The second laser pulse was found to initiate the ablation, while the complete ITO 
removal was achieved by the third to tenth laser pulse. [17, 18] 
Topography measurements show an increased roughness next to the laser scribed line that results in ridges with a 
height of up to 25 nm. In case of an irradiation with a pulse energy below the ablation threshold, our analysis of 
single spots reveals a slight bulge of the ITO surface. Correspondingly, the low energy density at the rim of the 
Gaussian shaped laser beam might have caused the increased roughness next to the line. A redeposition of removed 
material is as well possible.  
In contrast to the smooth and slightly sloped walls of a front side patterning, groove walls are very upright and 
irregular shaped in case of a rear side processing. This might indicate an ablation mechanism that is not only of 
thermal nature (evaporation that is initiated in the ITO layer) as it is generally assumed for front side processing, but 
also influenced by interface absorption of the layered structure due to the irradiation through the substrate.  
3.3. Laser patterning using 532 nm radiation 
Good patterning results depicted in Figure 4 a,b were achieved by a 532 nm rear side irradiation with a pulse 
energy of 6 μJ, a scanning speed of 500 mm/s and a pulse repetition rate of 200 kHz. The achieved groove shape 
with its very upright and irregular groove walls is similar to a 1064 nm rear side patterning, indicating a similar 
ablation mechanism. 
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Figure 4. (a) 3D interpretation; (b) Cross section. Isolating line achieved by a rear side irradiation with a wavelength of 532 nm, pulse energy of  
6 μJ and scanning speed of 500 mm/s. Groove walls are very upright, but a slight pulse structure indicates a damage of the underlying SiO2 layer. 
Topography measurements reveal a slight periodic structure along the groove bottom that can be attributed to a 
damage of the underlying SiO2 layer as the electrical resistance exceeds 1G. Regardless of the periodic structure, 
the groove bottom is smooth with a roughness of about 1.8-2 nm that is comparable to the roughness of the 
untreated ITO surface (1.3-1.8 nm) next to the line.  
Examination of the cross section of the groove reveals a width of approximately 24 μm that is again significant 
smaller than the laser beam diameter.  
 
A further decrease of the scanning speed down to 200 mm/s results in an increased damage of the substrate and a 
large affected zone next to the line with up to about 70 nm high ridges. A bulge of the ITO surface was found after a 
front side single pulse irradiation with a pulse energy below the ablation threshold. Thus, similar to the case of  
1064 nm rear side processing, a multiple irradiation with the low energy density at the rim of the Gaussian shaped 
laser beam might cause a bulge of the ITO surface resulting in the observed affected zone. 
 
Front side irradiation with a high scanning speed results in a low ablation quality due to ridges at the groove rims 
and residuals within the line. Residuals are reduced by a decrease of the scanning speed down to about 200 mm/s, 
but in this case large effected zones are found next to line similar to the rear side processing. Thus, ablation quality 
of isolating lines generated by a front side irradiation is insufficient for OLED applications. 
3.4. Laser patterning using 355 nm radiation 
Figure 5 a,b depicts a line ablated by a front side irradiation with a wavelength of 355 nm, a pulse energy of 4 μJ, 
a scanning speed of 238 mm/s and pulse repetition rate of 200 kHz.  
 
 
           
Figure 5. (a) 3D interpretation; (b) Cross section. Isolating line achieved by a front side irradiation with a wavelength of 355 nm, pulse energy of 
4 μJ and scanning speed of 238 mm/s. The rounded down shape of the groove bottom indicates a damage of the SiO2 layer. 
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The cross section through this line yields a groove width of approx. 28 μm that is similar to an ablation by   
1064 nm front side irradiation with comparable laser parameters (ref. Figure 2). Further results show an increase of 
groove width with decreasing scanning speed, indicating that the ablation threshold decreases with the number of 
pulses. 
The groove bottom has a slightly rounded down shape. As the electrical resistance of this line exceeds 1 G the 
shape of the groove bottom can be attributed to a slight over etching. However, the roughness of the groove bottom 
(1.5-1.9) is similar to the roughness of the untreated ITO surface next to the line (1.6-2.1).  
Ridges at the groove rims are up to about 40 nm high, but can be reduced by about 20 nm by decreasing the 
scanning speed down to 34 μm or by a rear side irradiation. Beside the reduced height of the ridges, no significant 
difference is found between a rear side and a front side patterning in the low scanning speed regime, indicating a 
limited influence of the irradiation side. Similar to the 1064 nm rear side processing, upright and irregular shaped 
groove walls can be attributed to an influence of the interface absorption in the layered structure.  
4. Summary 
Single pulse ablation thresholds were determined for 355 nm, 532 nm and 1064 nm radiation. Highest ablation 
threshold was found for 532 nm front side irradiation, corresponding to the marginal absorption of the ITO thin film 
in the visible spectral range. Single spots ablated by a 1064 nm front side irradiation showed evidence of a reduced 
increase of ablation depth with increasing pulse energy, indicating the presence of a picosecond plasma.  
355 nm and 1064 nm single pulse rear side irradiation resulted in a cascaded topography with a region of 
increased ablation depth in the spot centre, being attributed to an increased influence of interface absorption in the 
layered structure.  
Good ablation quality of isolating lines was found for 1064 nm irradiation, low scanning speed and low pulse 
energy. Very smooth groove bottoms were achieved by both front side and rear side irradiation. Achieved groove 
width was 27 μm and 16 μm for front side and rear side processing, respectively. Both groove widths are smaller 
than the laser beam diameter, revealing the high potential of the process for the manufacturing of high density 
electrode designs. However, patterning quality was slightly higher in case of the front side irradiation due the 
smooth groove walls and the ridges being less than 20 nm. In contrast, rear side ablation resulted in irregular groove 
walls and a region of increased roughness next to the line resulting in up to 25 nm high ridges.  
Patterning results achieved by 355 nm radiation showed slightly higher ridges in comparison to 1064 nm. Ridges 
were slightly reduced in case of a rear side irradiation. Groove bottom had a rounded down shape indicating a 
damage of the underlying SiO2 layer. The achieved groove width was comparable to a front side ablation using   
1064 nm radiation.  
Using 532 nm rear side irradiation isolating lines with almost no ridges were found, but due to a slight pulse 
structure along the groove bottom a damage of the substrate cannot be excluded. 
Due to the good groove shape with smooth groove walls, the smooth groove bottom and the almost vanishing 
ridges at the groove rims, we found patterning is best carried out by a front side irradiation using 1064 nm. The 
achieved patterning quality is comparable to 266 nm picosecond patterning results that were presented in [8-10]. 
Thus, 1064 nm radiation might be a good alternative for the manufacturing of organic light emitting devices 
avoiding nonlinear frequency conversion. 
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